Rapid direct conversion of exogenously supplied I'4Claspartate to I`Cj asparagine and to tricarboxylic cycle acids was observed in alfalfa (Medicago sativa L.) nodules. Aspartate aminotransferase activity readily converted carbon from exogenously applied I'Cjaspartate into the tricarboxylic acid cycle with subsequent conversion to the orpanic acids malate, succinate, and fumarate. Aminooxyacetate, an inhibitor of aminotransferase activity, reduced the flow of carbon from I'4Claspartate into tricarboxylic cycle acids and decreased "4C02 evolution by 9%. Concurrently, demonstrated with in vivo studies utilizing metabolic inhibitors, with in vitro enzyme analysis (3, 9, 22), and has been purified from soybean (10). Recent data indicate that both NH3-and glutamine-dependent asparagine synthesis occurs in alfalfa nodules (27). However, the regulation of carbon skeletons into asparagine biosynthesis remains unclear (15, 17, 24, 25) .
demonstrated with in vivo studies utilizing metabolic inhibitors, with in vitro enzyme analysis (3, 9, 22) , and has been purified from soybean (10) . Recent data indicate that both NH3-and glutamine-dependent asparagine synthesis occurs in alfalfa nodules (27) . However, the regulation of carbon skeletons into asparagine biosynthesis remains unclear (15, 17, 24, 25) .
In alfalfa, birdsfoot trefoil (Lotus corniculatus L.) and soybean, radioactive asparagine was readily formed when excised nodules were exposed to '4CO2 (9, 16) . Radiolabeled asparagine and aspartate were transported in the xylem sap of nodulated root systems of alfalfa and birdsfoot trefoil exposed to "4C02 (16, 29 (9, 25) .
Similarly, Macnicol (15) (14, 15, 17, 24 The inhibitors MSO and AZA have also been useful in evaluating the pathway for ammonia assimilation into asparagine (9, 23) . MSO is a GS inhibitor (8) and AZA is a glutamine analog that inhibits GOGAT (18) . Conversion ofaspartate to asparagine was inhibited in soybean leaves infiltrated with either MSO or AZA during 60 and 90 min labeling periods (23) . Recent studies with soybean nodules showed that infiltration with MSO and AZA decreased nodule CO2 fixation and decreased the recovery of label derived from 14CC2 in aspartate and asparagine (9) . Although udates and nodule extracts were separated into neutral, basic (amino acid), and acidic (organic acid) fractions by Dowex ion exchange chromatography (16) . "'C-Labeled amino and organic acid fractions were separated into individual compounds by TLC (19) . TLC plates were autoradiographed to detect radiolabeled amino and organic acids, which were then eluted from the plates. The associated radioactivity was quantified by liquid scintillation spectroscopy (16) .
RESULTS
[l"Aspartate Metabolism. Nodule-associated radioactivity derived from exogenously added ["'C]aspartate was relatively similar for all treatments except AOA and AZA at 20 min (Table I) . Aspartate was completely metabolized to CO2 as evidenced by the evolution of "'CO2. Comparable amounts of "'CO2 were evolved from control, MSO, and AZA-treated nodules at both 20 and 60 min. In contrast, "'CO2 evolution by AOA-treated nodules was reduced by 99 and 91% after 20 and 60 min, respectively. Radioactivity in AZA-and MSO-treated and control nodules was distributed approximately 70% in the acid fraction, 28% in the basic fraction, and 2% or less in the neutral fraction. However, in AOA-treated nodules after 20 min, only 9% of the label was in the acid fraction, with 90% in the basic fraction. After 60 min, 45% of the label in AOA-treated nodules was in the acid fraction and over 50% was in the basic fraction.
Further analysis of the basic fraction showed that for all treatments ['4C]aspartate was primarily metabolized to asparagine, glutamate, alanine, glutamine, and two unknown compounds (Table II) (16, 29) excised nodule CO2 fixation rates of all treatments averaged 5.2 ± 1.0 nmol * min-' g-' fresh weight. The distribution of nodule-fixed 14C was similar to that reported previously (16) with the acid, basic, and neutral fractions containing 79, 20, and less than 1%, respectively.
By contrast, long-term exposure of intact nodulated roots to AOA, MSO, or AZA inhibited nodule CO2 fixation (Table IV, see attached nod). Nodule-associated radioactivity in AOA-, MSO-, and AZA-treated root systems was reduced 35, 89, and 80%, respectively. The distribution of nodule-associated radioactivity in neutral, acid, and basic fractions averaged over treatments was 2, 38, and 60%, respectively (data not shown).
Xylem sap collected during the 120 min 4C02 exposure of treated, intact, nodulated root systems also reflected the inhibition of nodule CO2 fixation (Table IV) . Radioactivity in xylem sap of AOA-, MSO-, and AZA-treated plants was reduced 72, 85, and 72%, respectively. The distribution of radioactivity in xylem sap of controls was 33% in the acid fraction and 67% in the basic formation. However, radioactivity in the xylem sap of AOA-, MSO-, and AZA-treated plants was approximately 50% in both acid and basic fractions.
Further analysis of the xylem sap showed that greater than 80% of the 14C in the acid fraction was in malate. Malate in control xylem sap contained 17,600 ± 200 dpm, while malate in AOA, MSO, and AZA contained 6,200 ± 600, 4,900 ± 300, and 6,600 ± 100 dpm, respectively.
Radioactivity in the basic fraction of xylem sap from control plants was found primarily in aspartate and asparagine, with lesser amounts in glutamate, glutamine, and alanine (Table V) . Radioactivity associated with xylem sap aspartate and asparagine was strikingly reduced in AOA, MSO, and AZA-treated plants. MSO appeared to have a greater effect than AOA or AZA on radioactivity associated with aspartate and asparagine (Table V) . Consistent with known in vivo effects, radioactivity associated with xylem sap glutamine was reduced 72% by MSO, while AZA reduced radioactivity associated with glutamate by 65%.
The total quantity of amino nitrogen, both labeled and unlabeled, transported in xylem sap during the 120 min collection and also sharply reduced by inhibitors (Table V) . Xylem sap of control plants contained 294 ,ug of amino nitrogen. Compared to the control, the total quantity of amino nitrogen in xylem sap of AOA-, MSO-, and AZA-treated plants was reduced by 50, 44, and 75%, respectively. DISCUSSION Asparagine is biosynthesized directly from aspartate in alfalfa nodules. Aspartate involvement in asparagine biosynthesis has been suggested previously in studies of pea shoots (1 1, 15) , rice seedlings (12), and soybean leaves (7, 23 (9, 25) . This is surprising in view of the presence of AS activity in lupine (22) , soybean (9, 10) , and alfalfa nodules (CP Vance, unpublished data). Previous studies documented conversion of aspartate primarily into tricarboxylic cycle organic acids (11, 14, 24 (11, 15) and in soybean leaves (7, 23 (6, 16) . This indicates that excised nodules do not provide optimal conditions for asparagine biosynthesis.
The rapid labeling of asparagine from aspartate is consistent with a direct role for aspartate in asparagine biosynthesis. Our data do not, however, resolve whether asparagine biosynthesis in alfalfa nodules is glutamine dependent. MSO and AZA produced the expected effects on glutamine and glutamate labeling patterns, indicating that they were effective in inhibiting GS and GOGAT, respectively. Yet these inhibitors appeared to have little effect on overall accumulation of label in asparagine. While AZA inhibited glutamine-dependent AS in soybean (9) , we saw little effect of this inhibitor on asparagine formation after 60 min. Previous studies of soybean nodules (9) and soybean leaves (23) infiltrated with MSO and AZA implicated glutamine-dependent AS in asparagine biosynthesis. In addition, a glutaminedependent AS was purified from soybean (9, 10) and lupine nodules (22) . While we used 5 mM MSO and AZA, the lack of effect on conversion of aspartate to asparagine could have resulted from a high concentration offree glutamate and glutamine in alfalfa nodules (16, 27) preventing the complete binding of inhibitors to GS and GOGAT. Our data corroborate recent evidence by Trung-Chan et al. (27) regarding assimilation of '5NH4' and '"N2 by alfalfa nodules which indicated that both glutamine-and NH3-dependent amidation ofaspartate occurred.
The dramatic effect of AOA on aspartate metabolism to either organic acids or asparagine supports a key role for AAT in nodule metabolism. At least two cytosolic and one bacteroid isoform of AAT exist in alfalfa nodules (CP Vance, unpublished data). Multiple cytosolic and bacteroid isoforms of AAT have been reported in soybean (21) and lupine (20) (16) , the effect of inhibitors on xylem sap characteristics was mediated through inhibitor effects on nodules. These data demonstrate the striking interdependence of nodule ammonia assimilation, CO2 fixation, asparagine biosynthesis, and transport of fixed N2.
In summary, these data demonstrate rapid biosynthesis of asparagine from aspartate in alfalfa nodules. Nodule CO2 fixation also served as a precursor for aspartate for asparagine production and transport in alfalfa xylem sap. CO2 fixation and amino acid biosynthesis in alfalfa nodules were sensitive to inhibition of aminotransferase activity or interruption of ammonia assimilation. The key roles of nodule AAT and AS are apparent, and the need for further investigations of these possibly regulatory enzymes is suggested.
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